Freeze-drying and gamma irradiation are the techniques widely use in tissue banking for preservation and sterilization of tissue grafts respectively. However, the effect of these techniques on biomechanical properties of bovine pericardium is poorly known. A total of 300 strips of bovine pericardium each measured 4 cm · 1 cm were used in this study to evaluate the effect of freeze-drying on biomechanical properties of fresh bovine pericardium and the effect of gamma irradiation on biomechanical properties of freeze-dried bovine pericardium. The strips were divided into three equal groups, which consist of 100 strips each group. The three groups were fresh bovine pericardium, freeze-dried bovine pericardium and irradiated freeze-dried bovine pericardium. The biomechanical properties of the pericardial strips were measured by a computer controlled instron tensiometer while the strips thickness was measured by Mitutoyo thickness gauge. The results of the study revealed that freeze-drying has no significant (p > 0.05) effect on the tensile strength, Young's modulus (stiffness) and elongation rate of fresh bovine pericardium. Irradiation with 25 kGy gamma rays caused significant decreased in the tensile strength, Young's modulus and elongation rate of the freeze-dried pericardium. However, gamma irradiation has no significant effect on the thickness of freeze-dried bovine pericardium, while freeze-drying caused significant decreased in the thickness of the fresh bovine pericardium. The outcome of this study demonstrated that freeze-drying has no significant effect on the biomechanical properties of fresh bovine pericardium, and gamma irradiation caused significant effect on the biomechanical properties of freezedried bovine pericardium.
Introduction
Freeze-drying which includes rapid freezing and dehydration of the frozen product under high vacuum is commonly used for preparation of a stable biological product that can be stored at room temperature. Freeze-drying as an industrial process dates from the time of Second World War when the demand for human blood plasma reached critical proportion (Flanks 1998) . The advantages of freeze-drying in clinical practice include decreasing of surgical time and surgical morbidity, assessment of the graft size and shape prior to operation and storage of tissue grafts in operating rooms (Dwight and Frederick 1983) . Freeze-drying can be solely used for preservation of bioprosthesis (James et al. 1991) or in combination with gamma irradiation prior to surgical application (Cornu et al. 2000) .
The ability of ionizing radiation to kill microorganisms was established in the past century. Gamma irradiation technique is based on the penetrating ability and the ease of delivery of the required dose (Roberto and Benson 2002) and it is commonly used as a safe and effective means of secondary sterilization. The minimum acceptable dose of gamma rays for medical devices sterilization is 25 kGy (Dorpema 1990 ).
Utilization of freeze-dried materials in clinical procedures is a common practice (Alain et al. 1997; Jai Raman and John 1990; Moore et al. 1975) . Secondary sterilization of freeze-dried and frozen grafts by gamma rays was reported to accelerate graft remodeling after implantation (Yukiyoshi et al. 1997) . Bovine pericardium has been used in reconstructive surgery for fabrication of heart valve (Won et al. 2000; Jose et al. 2001) , thoracoabdominal wall defect surgery (Santillan et al. 1995) and as dural grafts (Anson and Marchand 1996) . Preservation and sterilization of bovine pericardium by freeze-drying and gamma irradiation respectively prior to surgical use has been reported by Fengmei and Chen (1998) and James et al. (1991) .
Preservation and sterilization techniques represent a potential source of variation in biomechanical properties of tissue grafts (Richard et al. 1992) . Secondary sterilization by gamma rays was reported to have deleterious effects on mechanical properties of solvent-dried patellar tendon (Akira et al. 1998 ) and freeze-dried human cancellous bone (Cornu et al. 2000) . Most of the information on the biomechanical properties of the processed bovine pericardium in the literature was about the chemically preserved one (Crofts and Trowbridge 1988; Brasile et al. 1998; Langon et al. 1999) . However, the effect of freeze-drying and gamma irradiation on biomechanical properties of bovine pericardium is unknown. Thus, the aims of this study were to investigate the effect of freeze-drying on biomechanical properties of fresh bovine pericardium and the effect of gamma irradiation on biomechanical properties of freeze-dried bovine pericardium.
Materials and methods
Pericardial sacs of adult cattle were harvested from the local abattoir soon after the animals were slaughtered. The pericardial sacs were collected in sterile polyethylene bags and transported to laboratory processing in icebox. The pericardial sacs were cleaned with sterile normal saline and disinfected in 0.05% sodium hypochlorite. The pericardial sacs were then cut into rectangular sheets size 4 · 20 cm from the same sites of different pericardial sacs by using perplex template sized 4 · 20 cm.
One hundred strips of 1 · 4 cm each were cut from some of the fresh bovine pericardial sheets by using perplex template and sharp blades. The biomechanical properties of the 100 strips of fresh bovine pericardium were measured. The rest of the pericardial sheets were spread on large steel dishes and placed in deep freezer at À80°C overnight and then freeze-dried at À40°C for 24 h by using the freeze-drier Christ Loc-I. The condenser temperature, shelf temperature and vacuum used during the freeze-drying process were À40°C, À30°C, and 0.12 mbar respectively. The moisture content for the final product was 9.13%. The freeze-dried sheets were sealed in airtight doublelayered polyethylene bag. The sealed sheets were stored at room temperature before being cut into identical strips of 4 · 1 cm each using perplex template and sharp blades. A total of 200 strips were selected and divided randomly into two groups consist of 100 strips each group. The first group was irradiated by 25 kGy gamma rays (Cobalt 60, JS8900, IR-174) while the second group was kept non-irradiated. For all the strips, the long axis of the strips was cut parallel to the longitudinal axis of the heart.
The thickness of the fresh bovine pericardium and the freeze-dried bovine pericardium was measured by Mitutoyo non-rotating thickness gauge (Model EMD-57B-11M) adopting Michael and Shari (1996) technique. The thickness was measured at three different points of equal intervals for each strip and the mean was taken. The irradiated and non-irradiated freeze-dried bovine pericardium strips were rehydrated in normal saline for one hour before being measured. The biomechanical properties of the strips, which include tensile strength, MPa/mm 2 , Young's Modulus of elasticity, MPa/mm 2 and displacement, mm were measured by computer controlled instron tensiometer machine (Instron 430 1) equipped with 500 N load cell. The strips were kept moist throughout the measuring period by keeping them in normal saline. Each strip was loaded to the instron grips by pneumatic clamp, 3 cm of the strip length was exposed between the instron grips (gage length) and the remaining 1 cm was clamped between the upper and lower clamping devices using sand paper. Each strip was subjected to uniaxial load till failure at a crosshead speed of 5 mm/min at room temperature and humidity of 25°C and 50% respectively. The strips that slipped out of the clamps devices or break within the clamps were excluded from evaluation and replaced by other strips. The elongation rate at break was calculated by dividing the displacement mean at break by the original gauge length (3 cm). Statistical analysis was carried out using non-parametric analysis of Friedman test (SPSS 11.5 for Window) and the results were considered to be significant at 0.05 confidence level.
Results
The results of this study revealed that freeze-drying has no significant effect (p > 0.05) on the tensile strength, displacement at break and Young's modulus of elasticity of the fresh bovine pericardium, while gamma irradiation has significant (p < 0.05) effect on the tensile strength, displacement at break and Young's modulus of the freeze-dried bovine pericardium (Table 1) . The mean values of the tensile strength which represent the maximum load that the strip is able to withstand before break was almost the same for fresh and freeze-dried bovine pericardium, while that of the irradiated freeze-dried pericardium was significantly decreased (by 55.5%) compared to that of the freeze-dried one. The mean value of the irradiated freeze-dried bovine pericardium Young Modulus of elasticity was also significantly reduced (by 43%) compared to that of the freezedried pericardium.
The elongation rate at break which is the percent of increased in the original length of the strip between the instron grips due to the applied uniaxial load were 43.6%, 41% and 34.4% for fresh, freeze-dried and irradiated freeze-dried bovine pericardium respectively (Figure 1) . The coefficient of variation for tensile strength of fresh freeze-dried and irradiated bovine pericardium was 43.51% and for Young Modulus of elasticity was 42.54%.
The mean values of thickness for fresh, freezedried and irradiated freeze-dried bovine pericardium were 0.428 ± 0.17 mm, 0.313 ± 0.08 mm and 0.303 ± 0.06 mm respectively. The effect of gamma irradiation on the thickness of freeze-dried bovine pericardium was insignificant (p > 0.05), while freeze-drying significantly reduced the thickness of the fresh bovine pericardium. Means with different letters in the same column are significantly different at p < 0.05. FRBP -fresh bovine pericardium, FDBPfreeze-dried bovine pericardium, IFDBP -irradiated freeze-dried bovine pericardium. 
Discussion
To our knowledge, there is no information found on the effect of gamma irradiation on biomechanical properties of freeze-dried bovine pericardium in the current literature. Most of the information available about the biomechanical properties of processed bovine pericardium was about the chemically preserved one (Crofts and Trowbridge 1988; Brasile et al. 1998; Langon et al. 1999) . Thus, this is the first attempt to investigate the effect of gamma irradiation on the biomechanical properties of freeze-dried bovine pericardium. The effect of freeze-drying on biomechanical properties of bovine pericardium showed in this study is in accord with Alain et al. (1997) who evaluated the effect of freeze-drying on mechanical strength of cardiac valve. Balderson et al. (1998) also reported that there was a minimal effect of freeze-drying on stiffness and strength of cortical bone. The weakening effect of gamma rays on biomechanical properties of the freeze-dried bovine pericardium reported in the present study is in accord with Cornu et al. (2000) who observed the deleterious effects of gamma rays on the mechanical properties of dried grafts. In another study, Akira et al. (1998) reported that the tensile strength of the fresh frozen irradiated grafts was significantly higher than that of the solvent dried irradiated grafts. Similarly, in this study we found that the tensile strength of freeze-dried bovine pericardium was significantly higher than that of the irradiated freeze-dried one. Thus, this is in consistent with the above finding.
Since the biomechanical properties of the bovine pericardium depend on the arrangement of collagen bundles (Michael and Derek 1981) , the high coefficient of variations observed in this study for tensile strength and Young modulus could be referred to the isotropic properties and non-axisymmetric layout of bovine pericardium fibers as mentioned by Sacks et al. (1992) and Trowbridge et al. (1986) respectively and not due to an experimental error. The effect of gamma rays on the biomechanical properties of bovine pericardium seems to depend on the pretreatment process of which the pericardium has been subjected to prior to irradiation. This is very obvious from our findings on the deleterious effect of 25 kGy gamma rays on biomechanical properties of freeze-dried bovine pericardium and Zioupos and Barbenel (1994) reported on the -harmless effect of the same dose of gamma rays on the biomechanical properties of bovine pericardium pretreated with 0.1% glutaraldehyde before irradiation.
Bovine parietal pericardium is made up mainly of flattened and overlapping bundles of collagen fibers oriented in various directions (Tokuhiro et al. 1981) . Hence, the weakening effects of gamma rays on biomechanical properties of freeze-died bovine pericardium observed in this study could be due to damaging effect of gamma rays on collagen bundles molecules that was reported by Maeda et al. (1993) at doses commonly used for sterilization of biomedical products. The thickness measured in this study for both the freeze-dried and the irradiated freeze-dried bovine pericardium was within the range reported by Tokuhiro et al. (1995) for the thickness of normal bovine parietal pericardium. The decreased in the thickness of fresh bovine pericardium in this study may be due to the water lost caused by the freeze-drying.
The mean value of tensile strength (5.55 ± 0.25 MPa), which measured in this study for the irradiated freeze-dried bovine pericardium, is well beyond the 16 N/cm (0.16 MPa) for human abdominal wall physiological strength reported by Klinge et al. (1996) . Therefore the result of this study may encourage the use of irradiated freezedried bovine pericardium as surgical patch for thoracoabdominal wall surgery and as a substitute for glutaraldehyde-preserved pericardium, which associated with implant calcification. Further investigations based on bioburden test are required which may lead to reducing gamma rays, which may reduce its deleterious effect on biomechanical properties of FDBP.
